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Abstract-In the first part of this study the spectral properties of pheophytin u in rigid, unstretched 
anhydrous polyvinyl alcohol and nitrocellulose films have been studied in order to establish the influence 
of the central magnesium atom on the state of chlorophylls in polymer systems. The absorption, fluo- 
rescence, excitation spectra and fluorescence intensity decays in the polymer films and in the solutions 
from which they are cast are reported. It is shown that pheophytin a aggregate formation is influenced 
by the nature of the polymer system. An aggregate of pheophytin u is found in polyvinyl alcohol films 
over a wide concentration range. On the other hand, pheophytin u exists in the monomeric form in 
unstretched nitrocellulose films at concentrations below 6 X 
In the second part of this work, the influence of stretching of the films on the state and distribution 
of embedded chlorophyll pigments, is described. Here we show that the chlorophyll a molecules are 
found to undertake a heterogenous distribution in polyvinylalcohol matrices, since stretching partially 
disrupts the pocket-like structures present in unstretched films. In contrast, chlorophyll a and pheophytin 
a molecules can be embedded in a monomeric state in nitrocellulose matrices and moreover they remain 
homogeneously distributed upon stretching. The chlorophyll/nitrocellulose system is concluded to be a 
useful model system for studies of donor-donor energy transfer processes. 
mol/g. 
INTRODUCTION 
In the first part of this investigation, we focus our attention 
on pheophytin ci (Pheo u).$ Pheophytin a is an essential 
component of the reaction center of photosynthetic systems 
and is intimately involved in the electron transport step 
where the light energy is converted to chemical energy.’ The 
pigmenr is also encountered as a degradation product of 
chlorophyll a (Chl a) ,  which is the main pigment of the 
photosynthetic pathway in green plants. In that degradation 
process of Chl ci the central M g  atom is replaced by two 
hydrogen atoms.’ Consequently, Pheo a has served as a 
model molecule in the study of the influence of the central 
Mg atom on the spectroscopic and aggregational properties 
of Chl a In addition, Pheo u is a useful mol- 
ecule for examining the role of the TI electron rings in the 
formation of stacked aggregates.6-” Because little is known 
about the behavior of the pigment in rigid polymer matrices. 
we have undertaken a study of Pheo a in the same polymer 
systems used by us previously’“,” for characterizing the be- 
havior of Chl a. This is of particular interest in view of the 
fact that in those studies Chl u has been shown to form 
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aggregates in the polymer matrices under specific chemical 
conditions. We find that the formation of Pheo u aggregates 
is very strongly dependent on the nature of the polymer ma- 
trix. Pheophytin u exists in a monomeric form in unstretched 
nitrocellulose (NC) films over a wide concentration range. 
Weakly fluorescent aggregates are formed only at concen- 
trations close to the solubility limit of the pigment mole- 
cules. In marked contrast, the Pheo u aggregates are formed 
at low concentrations in polyvinylalcohol (PVA) films due 
to their organization in pocket-like structures within the ma- 
trix. A similar behavior was found for Chl a in the same 
matrices,/4,/-5 albeit that aggregate formation begins at sub- 
stantially higher concentrations than is the case for Pheo (1. 
Because a more thorough determination of the structure of 
this aggregate is beyond the scope of this paper, we have 
limited ourselves to a discussion on its possible origin in the 
light of preceding literature. 
We have also investigated the influence of stretching on 
the state and distribution of chlorophylls in the investigated 
polymer systems. W e  find here that the pocket-like structure 
postulated for the unstretched Chl u/PVA14./” system is dis- 
torted on stretching, giving rise to an inhomogeneous distri- 
bution of pigments. In contrast, the Chl a/NC and Pheo cil 
NC systems retain their homogeneity and the state of the 
pigments does not appear to be influenced by stretching. 
We thus believe that the chlorophyll/NC system has many 
potential applications for the study of energy transfer (ET) 
processes, since both the intermolecular distances and the 
mutual orientations of the pigments can be controlled with- 
out affecting their aggregation state. Moreover, the diluted 
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systems can be used for the determination of the directions 
of the transition moments in the plane of the molecules. 
MATERIALS AND METHODS 
Sample preparation. Chlorophyll a and chlorophyll b (Chl 6) 
were extracted from fresh spinach leaves (either obtained from the 
local market or cultivated in the laboratory) according to the method 
of Terpstra and Lambersl6 and purified using thin-layer chromatog- 
raphy. Pheophytin a was obtained from Chl a using standard pro- 
cedures.'6 A stock solution of these pigments in acetone was stored 
at -25°C. The purity of this solution over a period of weeks was 
checked using isocratic reversed-phase HPLC.I7 In this way the pres- 
ence of optically indistinguishable chlorophyll derivatives, such as 
epimers and allomerized forms, was ruled O U ~ . / ~ - ~ ~  
Acetone and dimethylsulfoxide (DMSO) of analytical grade purity 
were purchased from E. Merck and from J. T. Baker Chemicals 
B.V., respectively, and used without further purification. One hun- 
dred percent hydrolyzed PVA with an average weight of about 100 
kDa was obtained from Aldrich-Chemie. By-products (acidic traces 
and residual acetyl groups) were removed by a modified ethanol 
extraction method described previo~sly. '~ Nitrocellulose powder was 
obtained from Wolff Walsroder A. G. and purified before use in the 
following way: NaOH with a final concentration of 0.01 M was 
added to NC powder and kept in the dark under continuous stirring 
for 20 h. The mixture was then cleaned several times with water 
and dried at room temperature under a continuous nitrogen stream. 
Using this method, acid traces and radicals in the NC powder were 
removed. 
Chlorophyll a-PVA solutions, Pheo a-PVA solutions and dried 
PVA films are prepared according to the method described in van 
Zandvoort et ~ 1 . ' ~  Final concentrations of Chl a in PVA films were 
in the range of 5 X lo-* to 5 X mol/g. Final concentrations of 
Pheo a in solution were in a range of 10-' to 6 X M .  Final 
concentrations of Pheo a in PVA films were between and 5 X 
mol/g. The PVA films containing a 1:l molecular mixture of 
Chl a and Chl b were prepared similarly. The concentration of the 
Chl a and Chl b in these films was 
Chlorophyll a-NC solutions and Pheo a-NC solutions are pre- 
pared by mixing 5 mL DMSO with the desired amount of dried Chl 
a or Pheo a, respectively. Then the NC powder was added, followed 
by stirring for 15 min at room temperature. From these solutions 
films wete obtained by the same evaporation procedure as used for 
PVA films. The Chl a films were cast from a solution containing 
0.4 g NC on 5 mL DMSO, while the Pheo a films were cast from 
solutions containing 0.1-2 g NC per 5 mL DMSO. Final concentra- 
tions of Chl a in the NC films ranged from mol/ 
g. Final concentrations of Pheo a in NC films ranged from 5 X 
to mol/g. The optical densities of all films were kept below 
0.1. 
The polymer films were stretched using a home-built apparatus. 
A rectangular section of PVA film was stretched at temperatures 
around the glass temperature (Ts = 85OC) up to 3.5 times its original 
length. The stretched films were cooled down to room temperature 
in nitrogen atmosphere. The NC films were allowed to equilibrate 
with saturated DMSO vapor for 2 h before stretching at room tem- 
perature. Traces of DMSO were removed by drying the stretched 
films under nitrogen atmosphere. 
The uniaxial symmetry of the stretched films was checked by the 
methods described in Nashijima e f  ~ 1 . ~ ~  and van Gurp et aLzY The 
films were placed between thin glass plates (n = 1.48) using ultra- 
pure glycerol (n = 1.52) to assure optical contact. The small bire- 
fringence of the stretched PVA and N C  films can be safely neglect- 
ed.3" The samples were sealed around the edges and masked with 
black tape, leaving a spot of 2 mm in diameter for illumination. 
Experiments. Absorption spectra were measured with a DW2000 
spectrophotometer (SLM-Aminco). The absorption spectra of all 
pigment samples were corrected for the absorption of a sample with- 
out that pigment, sealed and taped in exactly the same way. The 
excitation and emission spectra were obtained with an SPF 500 
SLM-Aminco spectrofluorometer. An L-format geometry was used 
for the measurements on solutions. The films were mounted in a 
special holder so that their surfaces made an angel of 45" with the 
incident and emitted beam. Excitation and emission spectra were 
mol/g. 
to 3 X 
normalized to the highest peak. Excitation spectra were measured 
using narrow-band emission (2 nm), while the emission spectra were 
recorded using narrow-band excitation (2 nm). 
The relative quantum yields of anhydrous Chl a-PVA films were 
estimated from measurements of the fluorescence intensity relative 
to that obtained from a Chl a-PVA-DMSO solution. The following 
procedure was used: a sample containing Chl a-PVA-DMSO so- 
lution between two glass plates was sealed and taped in exactly the 
same way as all the film samples. The relative quantum yield R(X,,) 
can be obtained from knowledge of the absorption and emission 
spectra in the solution and the film 
where A,(Qy) and A,(Q,) are respectively the absorption of the so- 
lution and film at the Qu maximum. The corresponding emission 
spectra are denoted by E,(X) and El@). While the relative quantum 
yield is in principle a function of the emission wavelength, it turns 
out to be constant in our case since the shape of the emission spec- 
trum does not change by drying or stretching. 
The fluorescence intensity decay measurements were carried out 
at the Synchrotron Radiation Source, Daresbury Laboratory (UK) as 
described previously:" The polarization sensitivity correction factor 
G for the setup was determined using a dilute Chl a solution in 
acetone. The excitation wavelength was selected with a monochro- 
mator (bandwidth 0.1-3 nm). In all the experiments interference and 
cut-off filters were used for selecting the emission wavelength and 
the suppression of stray light. The pulse profile was measured using 
either a Ludox suspension or a blank film. The data were collected 
using a standard single photon counting setup equipped with a Phil- 
ips XP2020Q photomultiplier tube. Fluorescence anisotropy mea- 
surements on unstretched Pheo a films were carried out with verti- 
cally polarized excitation light, while the emitted light was moni- 
tored with its polarization direction vertical and horizontal,jz Life- 
time measurements on stretched films employed an unconventional 
scattering geometry as described previously.-32 The films were placed 
with the stretch direction horizontal and the horizontally polarized 
excitation light was incident normally to the surface. The fluores- 
cence emission was detected in transmission under an angle of 60" 
with the normal to the sample surface. The analyzer axis was set at 
45" to the vertical. 
The experimental decay curves were fitted to multiexponential 
functions with a reiterative deconvolution algorithm using a nonlin- 
ear least-squares Marquardt procedure (ZXSSQ) of the IMSL l i -  
brary. We note that the presence of traps modifies the purely mon- 
oexponential decay of the monomeric Chl a molecules. This modi- 
fication, however, cannot in general be expressed in analytical form. 
We shall here simply use the deviations from the monoexponential 
decay as a measure of the presence of traps and will not attempt a 
quantitative analysis in terms of models such as Buhrstein's' no 
back transfer hopping theory or the Monte Carlo approach proposed 
by Knoester and van Himbergen.-T4 Such as analysis is also hampered 
by the fact that the pigments exhibit an inhomogeneous macroscopic 
alignment in the stretched PVA matrices. 
RESULTS 
Phea a in solutions and unorientcd polymer systems 
Pheo a in DMSO,  PVA-DMSO and NC-DMSO solutions. 
The absorption spectra of Pheo ( 1  in DMSO, PVA-DMSO 
and NC-DMSO solutions are shown in Fig. 1.  The spectra 
exhibit characteristic features of monomeric Pheo a: a strong 
Soret (S) band at 408414 nm and Q,-band at 666-669 nm, 
ratio of the extinction coefficients of the Soret and Qv (S/ 
Qy) bands being 2.15-2.35 and the full width at half maxi- 
mum (FWHM) of the Qu band6.'0./2,-'5.36 between 470 and 
490 cm-I. The corresponding parameters found here are giv- 
en in Table 1. 
The fluorescence spectrum of Pheo a in DMSO is shown 
in Fig. 2 and is identical to those found for monomeric Pheo 
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Figure 2. Fluorescence emission spectra of Pheo u in solutions of 
DMSO, PVA-DMSO and NC-DMSO, arbitrary concentration (Acx 
= 414 nm and 669 nm). 
Wavelength (nm) 
Figurc 1 .  Absorption spectra of Pheo n in solutions of DMSO, 
PVA-DMSO and NC-DMSO, arbitrary concentration. 
u in solutions of organic solvents.",-?' The spectrum is in- 
dependent of the excitation wavelength and exhibits a strong 
band at 674 nm (FWHM 4 7 5 4 9 0  c m - ' )  and a weak band 
at 720-730 nm. Identical fluorescence spectra were observed 
for PVA-DMSO and NC-DMSO solutions and their param- 
eters are listed in Table 2. 
The excitation spectra of Pheo n in acetone. DMSO, 
PVA-DMSO and NC-DMSO solutions match the absorp- 
tion spectra perfectly, independent of observation wave- 
length. 
The fluorescence lifetimes of Pheo u in acetone, DMSO, 
PVA-DMSO and NC-DMSO solutions were found to be 
independent of excitation and emission wavelengths (Table 
3). The fluorescence intensity decay is monoexponential 
with a lifetime of 5.2 _+ 0.2 ns in  all the solutions studied. 
Pheo a in unstretchtd PVA jilnzs. The absorption spectra 
of Pheo CI in PVA films are clearly different from those in 
PVA-DMSO solutions (Fig. 3 and Table 1 ) .  The Q,-band 
Table I .  Absorption parameters of Pheo ci in solutions and polymer 
film"; 
Concentration A. FWHM 
Medium (mollg) film (nm) (nm) SIQ, ( c m - ' )  
( M ) ;  solution Sorct A, Q,  QV 
Acctonc I X I 0  ( 410 
8 x 10 410 
DMSO I x 10 6 414 
3 X 10 " 414 
2 X 10 ' 414 
PVA-DMSO 1 X 1 0 '  414 
NC-DMSO 1 X 1 0  ' 410 
PV A 2 X 10 ' 412 
5 X l O " l  412 
NC 5 X 10 414 
5 X 10 ' 414 
5 X 10 414 
1 x 10 ' 4 ' 4  
3 X  \trength 3 X I0 414 
666 
666 
669 
669 
669 
669 
669 
6721696 
6 7 21696 
669 
669 
669 
6121696 
669 
2.15 470 
2.25 490 
2.25 480 
2.35 480 
2.16 480 
2.34 490 
2.28 480 
2.00 720 
1.42 890 
2.10 480 
2.00 4x0 
1.85 4x5 
2.10 4x0 
- - 
*Thc estimated error in FWHM is 30 cm ' _  
.:-The ratio SIQ, relates to the 696 nm peak 
is asymmetric and shows a marked long-wavelength tail and 
the Soret band is broadened even at low pigment concentra- 
tion (2 X lo-' mol/g). Derivative absorption spectroscopy 
shows the red region to consist of two bands: one around 
672 nm (the monomers) and an additional one centered at 
696 nm. On increasing the pigment concentration, the peak 
at 696 nm grows and dominates the absorption spectrum at 
a concentration of 5 x 10F mollg. 
The fluorescence spectrum of Pheo u in the PVA film is 
considerably broader than that observed from Pheo a-PVA- 
DMSO solutions but only at concentrations above 5 X 
mollg (Fig. 4). Furthermore, the excitation spectra at this 
high concentration range are no longer independent of the 
emission wavelength (Fig. 5 ) .  
The fluorescence intensity decay of  Pheo a over the entire 
concentration range is complex and best described with a 
triexponential function (Table 3). Now a very short lifetime 
component dominates the decay process as found previously 
Table 2. Fluorescence parameters of Pheo n in solutions and in 
polymer films* 
Concen- 
tration 
(M ; FWHM 
Medium (mollg) film (nm) (nm) (cm I) 
solution L,, ~,,,,.l,,,LX QY 
Acetone I x 10 
8 x 1 0  6 
DMSO 1 x 106  
3 x 1 0 6  
2 x 1 0  ' 
PVA-DMSO 1 x 1 0 5  
NC-DMSO I x 1 0 5  
PVA 2 x 1 0 7  
5 x 10 6 
N C  1 x 10 ' 
5 x 1 0 '  
1 x 1 0 '  
3 X  \trength 3 x 1 0 - 7  
4 101666 
4 I01666 
4 I41669 
4 I41669 
4 141669 
4 1 41669 
4 I01669 
4 121672 
4 1 21612 
4 141669 
4 141669 
4 141669 
4 141669 
673 
675 
674 
674 
674 
676 
675 
67.5 
6751730 
67 5 
67.5 
675 
675 
470 
490 
475 
47s 
475 
500 
480 
830 
1220 
480 
480 
485 
480 
*The estiinated error in FWHM is 30 cin - I  
Chlorophyll a in stretched polymer films 293 
Table 3. Results of fluorescence lifetime experiments on  Pheo a* 
Concen- 
tration of 
solution 
( X  1 0 - 6  M )  
61: ( X I 0  ’ A ,  A, A, T~ T~ T? 
Pheo a in mollg) (%) (YO) (%) (ns) (ns)  (nc) 
Acetone 10-6 
DMSO 10 
PVA-DMSO 10-6  
NC-DMSO 1 0 - 5  
5 x 10-6 
PVA film 2 x 1 0 - 7  
5 x 1 0 7  
5 x 10-7 
NC film 5 x 10-8 
10 
10-5 
10-5** 
3 X  sttength 3 x 10 
100 
100 
100 
100 
100 
1 1  
2 
100 
100 
100 
100 
50 
100 
5.2 - - 
5.2 - - 
5.4 - - 
5.2 - - 
5.2 - - 
5 84 5.2 1.8 0.4 
3 95 5.0 1.6 0.2 
5.2 - - 
5.2 - - 
5.5 - - 
5.3 - - 
50 - 5.2 1.7 - 
5.2 - - 
- -  
_ -  
_ -  
_ -  
- -  
- -  
- -  
- -  
- _  
- -  
Wavelength (nm) 
Figure 4. Fluorescence spectra of Pheo a in films: ( I )  PVA, 2 X 
1 0 - 7  mol/g, A,, = 410 nm; (2) PVA, 5 X mol/g, A,, = 410 nm; 
(3) NC, 5 X lo-’ mol/g, A, = 410 nm; (4) NC, lo-’ mol/g, A,, = 
410 nm. 
*Emission wavelength 680 mm, Excitation wavelength is not of in. for Chl a in the same polymer matrix.’4 Due to the low 
fluence on the decay profiles. Decay curves fit to F(t) = 
A,e-Url + + A,e $square varied from 1.00 to 1.3. 
The estimated error in lifetimes is 0.2 ns. 
fluorescence yield we were not able to measure the fluores- 
cence intensity decay profiles at the concentration of 5 X 
Pheo a in unstretched NCfilms. Pheophytin n in NC film 
again exhibits absorption spectra typical of the monomeric 
form (Fig. 3) for concentrations below 6 X mol/g. At 
higher concentrations an extra peak at 696 nm is found. The 
fluorescence (Fig. 4) and excitation spectra also coincide 
with the monomeric spectrum but now over the entire con- 
centration range used in this study. 
The fluorescence decay behavior of Pheo u below con- 
centrations of 6 X mollg is monoexponential with a 
lifetime of 5.2-5.6 ns (Table 3), independent of the excita- 
tion and emission wavelengths. On the other hand, at higher 
concentrations the decay behavior depends on the emission 
wavelength. While the intensity emission at 680 nm exhibits 
a monoexponential decay with a lifetime of 5.2 ns, a biex- 
ponential decay behavior is observed for the emission band 
at 720 nm. The additional decay component has a lifetime 
of 1.7 ns. 
Moreover, no spectral changes were observed on changing 
the ratio of NC to DMSO in the solution from which the 
mol/g. 
+Only observation at 720 nm. 
2 
720 3 40 500 600 
3 - .  
L I I I 
Wavelength (nni) 
I 
340 500 600 720 
3 40 500 600 7 2 0  
Wavelength (nm) 
Figure 3. Absorption spectra Pheo a in films: ( I )  PVA, 2 X 
mollg; (2) PVA, 5 X 
1 X mol/g. mol/g for observation at 685 nm. 
mol/g; (3) NC, 5 X lo-’ mollg; (4) NC, Figure 5. Excitation spectrum of Pheo a in PVA film, 5 X 10 
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Tahlc 4. Absorption parameters of Chl u in NC and PVA film" Table 5.  Fluorescence parameters of Chl a i n  NC and PVA film" 
A, 
Sorer FWHM 
Concen- maxi- A. Q, QY- 
Chl N tration mum maximum hand Stretching 
in (mol/g) (nin) (nm) S / Q ,  (cm ' )  amount 
PVA 3 X 10 432 665 
432 665 
432 665 
5 X I0 " 440 6951668 
441 695/668 
440 6951668 
N C  3 X 10 ' 437 668 
438 668 
.28 
.27 
.29 
.09 
. I 2  
. I 2  
.2 1 
.23 
500 
500 
510 
~ 
- 
~ 
500 
500 
Unstretched 
2 x  
3X 
Un\trctched 
2 x  
3X 
Unstretched 
3X 
5 X 1 0  ' 437 668 1.22 510 Un\tretched 
436 666 1.21 490 3X 
10 fl 436 667 1.25 500 Unstretched 
437 669 1.22 510 3X 
'#The estimated error in the FWHM is 20 cm-l 
films were cast, in sharp contrast to our previous findings 
for Chl a. I s  
In order to establish the absence of rotational motions and 
E T  processes on the timescale of the fluorescence lifetime. 
the time-resolved fluorescence anisotropy was measured on 
an unstretched film containing 2 X mol/g Pheo a. The 
anisotropy was found to be constant with a value of 0.32 ? 
0.02 for excitation at 652 nm and emission at 680 nm. 
Injhience of stretching o n  state and distribution of 
chlorophvlls: state nnd organization of Chl a in 
stretched PVA jdms 
Aggregationul state determined by  spectroscopy. We have 
previously shown that Chl a molecules can be incorporated 
in unstretched anhydrous PVA matrices in a monomeric 
form at concentrations of less than 5 X mol/g.14,'F The 
pigments are immobilized on the timescale of the fluores- 
cence lifetime and are organized in a pocket-like structure. 
An efficient intermolecular E T  mechanism operates in these 
pockets, but energy trapping by statistical pairs takes place. 
A nonfluorescing Chl a aggregate is formed at higher con- 
centrations. 
Here we extend our previous spectroscopic study to in- 
vestigations of the changes in the state of Chl a molecules 
brought about by stretching the PVA films. No changes are 
observed in the shape of the absorption spectra of films 
stretched up to three times their original lengths at all con- 
centrations up to 5 X mol/g. Typical spectral parame- 
ters are summarized in Table 4. Similarly, stretching has no 
measurable effect on the shape of the emission (Table 5 )  and 
the excitation spectra. 
The experiment thus shows that the stretching of the PVA 
matrices does not influence the aggregational state of Chl CI 
embedded in the film. 
The relative quantum yield of Clzl a in PVA jilms. The 
results of the measurements of the relative quantum yield R 
of Chl u in PVA are shown in Fig. 6 for three different 
concentrations ( 5  X 1 0 ~ 8  mol/g, mol/g and 5 X lo-' 
mol/g) as a function of stretching. The errors in the value of 
R are mainly determined by the errors in the absomtion. The 
-~ 
Chl n Concentration A,,, A,,,,, Cnl FWHM Stretching 
in (mol/g) (nm) (nm) (em I )  am~unt  
PVA 3 X 10 ' 434 
434 
434 
5 x 10 f' 434 
434 
434 
NC 3 x 10 437 
437 
5 x 10 ' 437 
437 
10 f1 437 
437 
674 
672 
674 
672 
673 
673 
678 
678 
678 
679 
678 
677 
5 10 Unstretched 
500 2 x  
520 3 x  
5 10 Unstreteched 
500 2 x  
500 3 x  
520 Un\tretched 
520 3 x  
5 10 Unstretched 
510 3 x  
520 Unstretched 
510 3 x  
"The error in the FWHM is estimated to be 20 cm- ' 
observation that the value of R is independent of emission 
wavelength simply reflects the fact that the shape of the 
emission spectrum is not changed by stretching and removal 
of the DMSO solvent. 
In marked contrast, the fluorescence intensity increases 
significantly on stretching. The increase in intensity is largest 
for the films with the low Chl a concentrations ( 5  X 
mol/g and mol/g). The relative quantum yield increases 
to unity on stretching these films to three times their original 
lengths, indicating the absence of traps. However, a substan- 
tially smaller increase in R is observed from films with a 
Chl CL concentration of 5 X mol/g, showing that traps 
are present even after stretching 3.5 times. 
Fluorescencr decay meusurements on Chl a in PVA jilms. 
The fluorescence decay was measured for films of four dif- 
ferent concentrations ( 5  X mol/g, lo-' mol/g, 3 x 1 0 ~  7 
mol/g and 5 X mol/g) as a function of stretching. The 
emission was monitored at the maximum of the fluorescence 
peak (680 nm). 
The fluorescence decays from all the unstretched films 
studied exhibit a biexponential behavior with a high contri- 
bution of a very fast decaying component (Table 6). This is 
consistent with very efficient energy trapping processes. On 
I 
I 1 . 5  1 2.s 3 3.5 I 4 . s  5 
Sketching ratio 
Figure 6. Relative quantum yield of Chl a-PVA films: ( I )  5 X 10 
molle; (2) lo-' mol/e: (3) 5 X lo-' mol/e. 
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Table 6.  Results of fluorescence lifetime experiments on Chl a in 
polymer films* 
Concen- 
Chl a tration A,, Stretching A, Az TI T2 
in (mol/g) (nm) amount (%) (%) (ns) (ns) 
PVA 5 X 434 
380 
434 
434 
380 
380 
380 
10-7 434 
3 x 1 0 - 7  380 
5 x 10-7 380 
Unstretched 
3x  
Unstretched 
2 x  
3x 
Unstreteched 
2 x  
3 x  
2 x  
3x 
70 
I00 
84 
30 
3 
88 
30 
30 
50 
60 
30 
16 
70 
97 
12 
70 
70 
50 
40 
- 
0.8 4.9 
5.0 - 
0.6 5.0 
0.7 5.0 
1.0 4.9 
0.2 5.0 
0.8 4.9 
1.0 5.0 
0.8 5.1 
1.1 5.0 
NC 3 X 3b0 Unstretched 100 - 4.5 - 
380 3X 100 - 4.4 - 
380 Unstreteched 80 20 4.7 1.3 
434 3 x  80 20 4.5 1.2 
*Emission wavelength is 680 nm; decay curves fit to F(t) = 
A,cbTI + A2cvr1; the estimated error in the lifetimes is 0.2 ns. 
increasing the Chl a concentration the amplitude of the fast 
decay component increases with a simultaneous shortening 
of its lifetime. Thus the trapping is more efficient for high 
Chl a concentrations than for low concentrations. 
The intensity decay behavior of samples with a Chl a 
concentration of 5 X mol/g changes from biexponential 
to a monoexponential process with a lifetime of 5.0 ns on 
stretching to three times their original lengths. This decay 
corresponds to that found for monomeric Chl u . ’ ~ , ’ ~  The 
biexponential decay cannot, however, be eliminated on 
stretching films with a higher Chl a concentration. A residual 
contribution of 3% of the fast decay component is observed 
for films containing lo-’ mol/g Chl a, while large contri- 
butions of 30% and 60% occur on increasing the Chl a con- 
centration to, respectively, 3 X mol/g and 5 X lo-’ 
mol/g. Interestingly, the behavior of the amplitudes of the 
fast components corresponds to the changes in the relative 
quantum yield of fluorescence described above. This shows 
unequivocally that the stretching of the films with low Chl 
a concentrations removes all the traps, while at higher con- 
centrations some traps survive the stretching. 
ETfrnm Chl b to Chl a in PVA films. The observed fluo- 
rescence intensity decays and relative quantum yield mea- 
surements reveal that the trap concentration in the PVA films 
can be reduced by stretching. The question still remains as 
to the presence of donor-donor E T  between monomeric Chl 
a pigments in the polymer matrix. The presence of such 
processes can be readily demonstrated by preparing films 
incorporating both Chl a and Chl b molecules. Now, the ET 
from Chl b to ChI a can be monitored through the fluores- 
cence emission. The reference absorption and fluorescence 
emission spectra of PVA films containing mol/g of a 
single pigment species reveal no aggregate formation (Fig. 
7). The absorption spectrum of films containing an equi- 
molar mixture of Chl a and Chl b is simply the sum of the 
absorption spectra of the two pigments (Fig. 8, curve 1). On 
the other hand, the fluorescence emission behavior of the 
film is modulated on stretching. 
LCO 600 eoo 
Wavelengrh (nm) 
Figure 7. Spectra Chl-PVA films: ( 1 )  absorption of Chl a (lo-’ 
mol/g); (2) emission Chl u ( lo- ’  mol/g); (3) absorption Chl b (lo-’ 
mol/g); (4) emission Chl b mol/g). 
In an unstretched PVA film the excitation of Chl a (A,,, 
= 434 nm) results in the normal emission spectrum of Chl 
a (not shown). In contrast, excitation of Chl b (A,,, = 470 
nm) results in an emission spectrum (curve 2), which is 
clearly a combination of Chl a and Chl b fluorescence bands. 
Evidently, excitation energy is transferred from Chl b to 
Chl a. 
In stretched PVA excitation at 434 nm again leads to the 
observation of Chl a emission only (curve 3). However, now 
the excitation of Chl b at 470 nni only leads to Chl b fluo- 
rescence (curve 4). This demonstrates conclusively that 
stretching the films eliminates the energy transfer from Chl 
b to Chl a, and hence of any donor-donor E T  processes. 
This can only happen by breaking up or distorting the pock- 
et-like structure in the PVA matrix where the pigments are 
concentrated. This conclusion is further supported by the 
fluorescence decay behavior and relative quantum yield mea- 
surements presented above. 
State and organization of Chl a und Pheo a in stretched 
NC films 
Aggregational state determined by spectroscopy. W e  have 
previously shown that Chl a and Pheo a are present in a 
purely monomeric state in unstretched anhydrous NC films 
over a wide concentration rangeJ5 (and this paper). Nonfluo- 
rescent aggregates are only formed at concentrations near 
the solubility limit of Chl a and Pheo a in NC ( mol/g). 
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DISCUSSION 
The objective of this study is two-fold. In the first part we 
report an extension of earlier work’-’./-5 on Chl ( I  in two dif- 
ferent unoriented polymer systems, PVA and NC, respec- 
tively. W e  investigated the state of Pheo (7 molecules i n  the 
same polymer matrices in order to define the preparation 
conditions under which they are present i n  a purely mono- 
meric state. In this way the influence of the central Mg atom 
on the electronic structure of the porphyrin ring can be as- 
sessed. For instance, the presence of the Mg atom causes 
the fluorescence lifetime to be dependent on the solvent, pre- 
sumably as the result of a coordination between this atom 
and the solvent molecules. This can be seen from the results 
reported above of similar lifetimes of Pheo ( I  i n  acetone and 
DMSO. taken together with our earlier findings of signifi- 
cantly different lifetimes for Chl CI” in the same solvents. 
W e  have furthermore characterized the aggregation state 
and photophysical properties of Chl molecules in stretched 
polymer matrices. These systems are particularly useful for 
further investigations, such as the determination of the di- 
rections of the transition dipole moments in the molecular 
frame and the influence of mutual pigment orientation on 
intermolecular E T  processes between the pigments. An im- 
portant constraint on the model systems is a homogeneous 
distribution of monomeric pigments through the polymer 
tilm. 
The spectral properties of Pheo ci in the NC matrix indi- 
cate strongly that the molecules are present in the mono- 
meric state for concentrations below 6 X I O F  mol/g. This 
conclusion is further supported by the fact that the fluores- 
cence intensity decay exhibits a monoexponential behavior 
with a lifetime of 5.2-5.6 ns in excellent agreement with the 
values found for monomeric solutions. Fluorescence anisot- 
ropy decay measurements show conclusively that the Pheo 
t i  pigments are immobilized on the tirnescale of the fluores- 
cence lifetime and moreover d o  not exhibit intermolecular 
ET at concentrations below 3 X 10 mol/g. 
However, aggregates of Pheo ci inolecules are found to be 
formed for concentrations above 6 X mol/g. This i s  
evidenced by the appearance of additional spectral features 
as an absorption band at 696 nm.h.l(J./2 These aggregates ex- 
hibit a very weak fluorescence emission band around 720 
nm as judged from a contribution of a short lifetime com- 
ponent to the intensity decay profile. 
Pheophytin CI molecules show a markedly different be- 
havior in PVA matrices from the one observed in NC films. 
Now even at concentrations as low as 2 X 1 0  mol/g the 
absorption spectrum indicates the presence of both mono- 
mers and aggregates of Pheo C I .  The aggregated form dom- 
inates the absorption spectra at a concentration of 5 X 1 0  -6 
moll&. The aggregated form was found to be weakly fluo- 
rescent around 720 nm as i s  the case for the aggregates 
formed in the NC films. 
The fluorescence intensity decay of Pheo ci in PVA film 
i s  complex and dominated by a very short decay component 
with a lifetime of 200400 ps. This indicates a strong inter- 
molecular interaction between the pigments due to the for- 
mation of pocket-like structures as previously described by 
Wivelengih [nn]  
Figure X. Spectra ot Chl n + Chl h i n  PVA: ( I )  absoi-pion (lo-’ 
mol/g); (2) excitation at 470 nm, unstretched; ( 3 )  excitation at 434 
nm, 3 X  stretched; (4) excitation at 470 n, 3 X  stretched. 
This behavior i s  not affected by stretching as can be seen 
from Tables 4 and 5 and Tables 1 and 2. respectively. 
Fluorescmcr decc1.v rneusurrnients o t i  Chl a in NC films. 
Chlorophyll a molecules in unstretched anhydrous NC films 
exhibit a monoexponential decay. characterized by a lifetime 
of 4.4-4.7 ns. Deviations from this monoexponential decay 
are only observed at concentrations above 10 mol/p. Now 
the decay behavior is biexponential with an average lifetime 
of 4.4 ns at l0-(’ mol/g and 2.0 ns at mol/g. This de- 
viation from monoexponential behavior is caused by the for- 
mation of traps. We have here found that stretching has no 
measurable effect on the fluorescence decay of Chl ~7 in NC 
films at concentrations between 3 X mol/g and 10V 
mol/g (Table 6). Remarkably, and in contrast to the behavior 
of ChI u molecules in anhydrous PVA matrices. the biex- 
ponential decay behavior at a concentration of 10V mol/g is 
not altered by stretching. 
W e  thus conclude that the homogeneous distribution of 
Chl (i in the amorphous phase of unstretched NC films re- 
mains intact after stretching. Consequently. this system is 
suitable for the study of the effect of orientation of pigments 
oil the process of ET, since stretching the polymer matrix 
causes macroscopic and microscopic alignment of the pig- 
ments along the stretching axis. 
Fluorescrncr decriy rneci.sureirient.s on Pheo a in NC,fiOns. 
Stretching of the NC films had no influence on the fluores- 
cence decay characteristics of Pheo LI (Table 3). 
us for Chl CI in PVA As a result of the high local 
pigment concentration aggregates are formed and the exci- 
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tation energy is dissipated in traps. This leads to the ob- 
served complex fluorescence intensity decay behavior. Con- 
sequently, we can rule out the Pheo a-PVA system for fur- 
ther spectroscopic studies. 
We have here found significant differences in the forma- 
tion of Pheo a and Chl a aggregates in PVA and NC niatri- 
ces. The observation that in both matrices Pheo a aggregates 
are formed more readily than those of Chl a can be attributed 
to the influence of the central Mg atom in the latter pig- 
ments. Pheophytin a molecules are known to form stacks as 
a result of the strong interactions between their T orbitals.// 
This stacking is hindered in Chl a by the fact that the Mg 
atom lies 0.3-0.5 A above the plane of the porphyrin 
This gives rise to different structures such as the 
ones proposed by Fischer et aL.-j7 and advanced by us pre- 
v i~us ly . ’ -~  
The question now remains as to whether the Pheo a stack 
consists of two or more molecules. We have shown above 
that the absorption band of the Pheo a monomers at 669 nm 
is shifted 30 nm to the red on aggregation. Interestingly, 
stacked coplanar porphyrin dimers, with an interplanar dis- 
tance of about 3.5 A, exhibit such a characteristic shift in 
their absorption spectrum rather than a splitting of the mo- 
nomeric absorption band.y,-j7.-3Y42 This is simply the result of 
the mutual orientation of the transition dipole moments with- 
in the ~ i i m e r . ~ ~  W e  therefore believe that such stacked co- 
planar dimers are formed by Pheo a pigments in the PVA 
and NC matrices. 
The weak fluorescence emission of the dimers can be at- 
tributed to additional nonradiative deactivation channels of 
the excited state. The competition between the radiative and 
nonradiative deactivation processes depends strongly on the 
conformation of the dimers and will be the subject of future 
studies. 
We stress here that we have not attempted to rigorously 
determine the structure of pigment aggregates in polymer 
films. Techniques other than fluorescence spectroscopy are 
needed to achieve this and this work is now in progress. 
Finally, we have also shown that Chl a molecules embed- 
ded in anhydrous stretched PVA matrices do not satisfy the 
crucial requirement for E T  studies of homogeneous pigment 
distribution. Although the molecules are present in a mo- 
nomeric state at concentrations below 5 X 10- mol/g, they 
are organized within pocket-like structures in the unstretched 
polymer matrix. The high local pigment concentrations give 
rise to highly efficient E T  and trapping processes. The pock- 
ets, however, appear to be partially disrupted on stretching 
the films. Consequently, the distribution of the Chl a mole- 
cules in the polymer matrix in stretched films is not homo- 
geneous. Thus only the unstretched Chl u P V A  films may 
be used in studies of ET processes in the presence of a high 
concentration of traps. 
Suitable model systems can nonetheless be prepared by 
embedding Chl a or Pheo a molecules in NC matrices. Ag- 
gregate-free homogeneous unstretched films can be prepared 
over a wide range of pigment concentrations. Furthermore, 
the concentration can be used to change the distances be- 
tween the pigments in the polymer matrix so that their effect 
on E T  processes can be investigated. Because we have 
shown above that stretching the Chl u/NC or Pheo a/NC 
films uu to four times their original length has no conse- 
quences for the photophysical behavior of the pigments, we 
conclude that neither the monomeric state nor the homoge- 
nous distribution of the pigments is affected. However, be- 
cause the pigments are aligned macroscopically and micro- 
scopically along the long polymer chains, stretching can be 
used to modulate the mutual orientation of the molecules. 
This then affords a study of the contribution of orientational 
factors to the efficiency of ET processes. Moreover, studies 
of dilute stretched films, where E T  processes are suppressed 
by the large distances between the Chl a molecules, can be 
used for the characterization of the directions of the transi- 
tion dipole moments in the molecular frame. 
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